An efficient construction of highly functionalized polycyclic spiro-fused carbocyclicoxindoles has been developed via an asymmetric organocatalytic quadruple domino reaction of (E)-3-(2-hydroxybenzylidene)oxindole derivatives and two molecules of a,b-unsaturated aldehyde under quadruple iminium-enamine-iminium-enamine catalysis. The complex cascade products bearing a spiro quaternary center and five contiguous stereocenters were obtained in moderate to high yields (up to 90%) with good diastereoselectivities (up to 8 : 1) and excellent ee values (up to 99% ee). The structure and absolute configuration of the products were confirmed by NMR spectroscopy and single crystal X-ray analysis. In addition, the biological study showed that these compounds had moderate antitumor activities in the micromolar range.
Introduction
Spirooxindoles have become a privileged skeleton and exist in a large number of natural products and pharmaceutically important molecules such as spirotryprostatin A, pteropodine, elacomine, horsline, marcfortine A, cirinalins A, NF54 and MptpB.
1 They have various types of bioactivity such as progesterone receptor modulators, anti-HIV, anticancer, antitubercular, and MDM2-p53 interaction inhibitors (Fig. 1 ). Due to these facts, considerable effort has been devoted to developing efficient protocols to access these interesting motifs over the past years.
2 Among those successful examples, isatins or 3-substituted 2-oxindoles have been employed and represent a broadly successful strategy in the design and synthesis of spiro-cyclic frameworks.
3 This strategy can allow efficient double cascade reactions. Since the pioneering work of Enders involving triple cascade reactions, 4 more and more researchers gradually realized that the organocatalytic cascade reactions were a useful synthetic tool for the construction of complex chiral polycyclic derivatives. As a consequence, some multicomponent quadruple cascade reactions involving the formation of four C-C bonds and generating multiple stereocenters also have been reported.
5 However, among them, fewer examples have been reported that construct spiro-fused polycyclic frameworks. Therefore, the development of exquisite higherorder cascade reactions in the construction of more complex spiro-fused polycyclic frameworks with stereocontrolled spiro quaternary centers and multiple chiral centers is highly attractive and in great demand.
Alkylideneoxindoles (R groups are usually phenyl, alkyl, ester) as prochiral electrophiles have been used in catalytic asymmetric synthesis of spirooxindoles via different cyclizations such as 1,3-dipolar cycloadditions, Diels-Alder reactions, and cyclopropanation.
3d-f,k,p-s, 6 In contrast, fewer examples that Fig. 1 Examples of natural products, pharmaceutical molecules containing spiro-fused cyclic frameworks.
construct spirooxindoles from alkylideneoxindoles involving quadruple cascade reactions have been reported. This most likely owed to the insufficient reactive sites on the alkylideneoxindoles and the fact organocatalytic domino reactions are unable to proceed. The careful design of substrate by introducing multifunctional group on the substrates could serve as a good starting point to form novel transformations in both reaction sequences and complete the domino reactions. Recently, many double or triple cascade reactions have been initiated by oxa-Michael. 7 Secondary amines, such as proline and derivatives, were employed in these reactions by their iminium-ion and enamine activation modes for an efficient activation of both donor-and acceptor-type molecules. Inspired by these successes, we reasoned that the introduction of a hydroxy group on the alkylideneoxindoles, as a donor in Michael reaction, might successively perform as nucleophiles and electrophiles, and facilitate the quadruple cascade reactions (Scheme 1). In addition, the quadruple cascade reactions are atom-, time-, step-economic, and can oen imitate biosynthetic pathways, all which make them increasingly attractive for the organic chemistry community.
8 Herein, we envisioned a simple and efficient protocol for quadruple cascade reaction through iminium-enamine-iminium-enamine sequential activation initiated by oxa-Michael addition of phenolic hydroxyl to a,b-unsaturated aldehyde, as outlined in Scheme 1, to provide a straightforward protocol for the synthesis of polycyclic spiro-fused carbocyclicoxindoles with a spiro quaternary center and ve contiguous stereocenters.
Results and discussion
At the outset of the study, the multifunctional substrate 1a was easily prepared via a Knoevenagel reaction of oxindole and salicylaldehyde.
9 Then the quadruple domino reaction of (E)-3-(2-hydroxybenzylidene)oxindole 1a (1.0 equiv.) and excess crotonaldehyde 2a (2.44 equiv.) , as a simple model substrate was investigated to establish the feasibility of the strategy and optimize the reaction conditions. By using chloroform as solvent at 60
C for 12 h, the catalysis of (S)-diphenylprolinol TMS ether 3a (20 mol%) and acetic acid (20 mol%) gave satisfactory results, and the desired polycyclic spiro-fused carbocyclicoxindoles 5aa, bearing ve contiguous stereocenters, was obtained in 60% yield (Table 1 , entry 1). Although the diastereoselectivity was only 1 : 1, the isolation of the quadruple domino product 5aa by ash chromatography revealed that the two diastereomer with 98% ee and 90% ee could be separated from each other. The reaction with 3a without the acid additive gave no reaction for two days. Other different secondary amine catalysts such (S)-diphenylprolinol TES ether 3b and (S)-Scheme 1 Organocatalytic quadruple cascade reaction through iminium-enamine-iminium-enamine sequential activation initiated by oxa-Michael addition to construct polycyclic spiro-fused carbocyclicoxindoles. diphenylprolinol 3c were also estimated, no superior result was obtained (Table 1, entries 2-3) . To obtain higher yields and diastereoselectivities, some other acids, which probably promoted the formation of iminium ion, were screened (Table  1 , entries 4-11). The 2-(triuoromethyl)benzoic acid 4h was shown to be suitable for this reaction, affording the product with 2 : 1 diastereoselectivity (Table 1 , entry 10). While stronger acids, such as TFA 4c, made reaction sluggish with only trace product (Table 1, entry 5). Subsequently, we performed a short solvent screening (Table 1, entries 12-21) . Whereas the reaction in anisole gave a product of reversed conguration (Table 1 , entry 16), no conversion could be detected when the reaction was performed in protic and polar solvents (Table 1, entries 12-15, 19-21) . Toluene showed a comparable yield and enantiomeric excess of product of 5aa to chloroform but the diastereoselectivity was decreased (Table 1, entry 18) . To our delight, we found that the diastereoselectivity could be improved by increasing the ratio of additive 4h and catalyst 3a to 3 : 1 (Table 1 , entry 22 the detail see the ESI †). Lower catalyst loading led to a signicant decrease in the yields while higher amounts did not give any remarkable improvement (data not shown). Best results were afforded by adjusting the temperature and prolonging reaction time (Table 1 , entry 25). Based on the above results, the optimal condition was found: the reaction was conducted at 40 C for 24 h, then heated up to 60 C for 12 h, and the quadruple domino product 5aa was obtained in 80% yield with 8 : 1 diastereoselectivity and >99% ee (major). C for 24 h to generate 5s. g 1 equiv. of 2e was employed in the reaction at 40 C for 24 h to generate 5s, and then 1 equiv. of 2a was added in the reaction at 60 C for 12 h to generate 5sa.
Having established the optimal reaction conditions, we evaluated the scope of the quadruple cascade reaction (Table 2) . Different alkylideneoxindoles derived from various substituted oxindole and substituted salicylaldehyde proceeded smoothly, and the corresponding products could be isolated in moderate to high yields (up to 90%) with good diastereoselectivities (up to 8 : 1) and excellent ee values (up to 99% ee) ( Table 2 , entries 1-15). The electronic properties of the substituents at the aromatic ring had no obvious effect on enantioselectivity, but affected the yields and diastereoselectivity strongly. Generally, alkylideneoxindoles with halogen-substituted groups gave higher yields and diastereoselectivities than other substituted groups (Table 2, entries 2 , 4-6, 11, 12 vs. 3, 7, 8) . The steric hindrance of the substituents also inuenced the diastereoselectivity. The introduction of more sterically naphthalene ring to alkylideneoxindoles proceeded smoothly but provided the domino product of other conguration ( Table 2 , entry 9). Moreover, incorporating methyl or phenyl groups on the N1 of alkylidene oxindole led to an improvement in diastereoselectivities to 10 : 1 and 12 : 1, respectively, but the yields of the reaction dropped dramatically (Table 2 , entries 13, 14). Interestingly, the Michael addition could be realized when an amine group as a donor was introduced at 2 0 position of alkylideneoxindole. The tetrahydroquinoline framework 5oa incorporating a spirooxindole motif was obtained in 83% yield and 99% ee ( Table 2 , entry 15). The reaction of other aliphatic a,b-unsaturated aldehydes with representative alkylideneoxindole 1a was also examined ( Table 2 , entries 16-19). These reactions were performed under the same conditions, and gave the corresponding products in moderate to high yields with moderate diastereoselectivities and excellent ee values ( Table 2 , entries 16-18). Notably, for 3-methyl-2-butenal was employed, only intermediate 5s was obtained ( Table 2 , entry 19). This may be caused by steric hindrance of 2e. On the other hand, we hope to introduce more substitution diversity into spirocyclic products. Aer the Michael-Michael reaction of 1a and 1 equiv. of 2e conducted at 40 C for 24 h, from which intermediate was generated and isolated. Then 1 equiv. of 2a was added to continue the cascade Michael-aldol condensation sequences. The polycyclic spiro-fused carbocyclicoxindoles 5sa was directly obtained with excellent enantioselectivity while the yields were fair due to more possible reaction pathways (Table 2 , entry 20).
Further examination of the substrate focused on the alkylideneindanedione 1t. As illustrated in Scheme 2, the one pot quadruple cascade reaction of substrate 1t and 2a proceed smoothly and gave the polycyclic spiro-fused carbocyclicoxindoles 5ta with a spiro quaternary center and four chiral centers.
The absolute conguration of 5ka was assigned by CuKa X-ray single crystal diffraction analysis (Fig. 2) , 10 and the stereochemistry of other products 5aa-5ha, 5ja-5oa, 5qa-5sa was assigned by analogy and specic rotation values. To account for the stereoselectivity of this transformation, we propose a plausible mechanism, as depicted in Scheme 3. As starting material 1k, there is a facial selectivity in the rst oxoMichael addition step of the cascade. The iminium-activated crotonaldehyde 2a is attacked on its Re face by the hydroxyl group (TS-A) generating intermediate enamine B, then reacts in a Michael addition to give cyclic intermediate C, which can again act as nucleophiles to another equivalent of the activated a,b-unsaturated aldehyde from the Re face under the control of catalyst (TS-D). The third Michael addition step leads to intermediate E, which is unstable and easily reacts through an intramolecular aldol condensation under the reaction conditions, providing product 5ka and regenerating the catalyst.
Finally, in order to identify potential bioactivity of these novel compounds, some selected polycyclic spiro-fused carbocyclicoxindoles 5 were investigated for inhibition of cell Scheme 2 Further expanding the scope to alkylideneindanedione. proliferation against human cancer cell line. The preliminary results reveal that compound 5ia performed broad-spectrum antitumor activities against 
Conclusions
In conclusion, we have designed a novel type of multifunctional synthons (E)-3-(2-hydroxybenzylidene) oxindole derivatives. They have been successfully employed in an organocatalytic quadruple cascade reaction with two molecules of a,b-unsaturated aldehyde through iminium-enamine-iminium-enamine sequential activation. A range of polycyclic spiro-fused carbocyclicoxindoles bearing one spiro quaternary center and ve contiguous stereocenters were delivered in moderate to high yields (up to 90%) with good diastereoselectivities (up to 8 : 1) and excellent ee values (up to 99% ee). Further expanding the scope of substrate demonstrated the spiro-fused indanedione framework also could be assembled in an effective manner. The absolute congurations of the products were unambiguously conrmed by single crystal X-ray crystallographic analyses and the possible mechanism was proposed for understanding the stereochemistry experimentally observed. Moreover, the results of anti-tumor activity screening indicated that this type of polycyclic spiro-fused carbocyclicoxindole derivatives may nd medicinal applications aer further structural modulation and biological studies.
Experimental section

General information
NMR spectra were recorded on the commercial 400 MHz spectrometer. The chemical shis were recorded in ppm relative to tetramethylsilane (TMS) and with the solvent resonance as the internal standard.
1 H NMR data are reported as follows:
, coupling constants (Hz), integration. 13 C NMR data were collected at 100 MHz with complete proton decoupling. Enantiomeric excesses (ee) were determined by chiral HPLC analysis on DAICEL CORPORATION AS-H and AD-H columns in comparison with the authentic racemates. Optical rotations were reported as follows: [a] T D (c: g/ 100 mL, in solvent). ESI-HRMS spectra were recorded on a commercial apparatus and methanol was used to dissolve the sample. Solvents were commercially available and used directly without further purication. Several substituted oxindoles were prepared according to the literatures and references therein. The MTT method was used to evaluate the antiproliferative activities of the synthesized polycyclic spiro-fused carbocyclicoxindole derivatives. These cell lines (MCF-7, MDA-MB-231, H1975, FaDu) were obtained from ATCC.
General procedure for asymmetric organocatalytic quadruplecascade reaction of alkylideneoxindoles with enal (5aa-5sa) a,b-Unsaturated aldehydes 2 (0.244 mmol) was added to a dry tube containing a suspension of substituted (E)-3-(2-hydroxybenzylidene)oxindole 1 (0.1 mmol), a,a-L-diphenylprolinol trimethylsilyl ether 3a (20 mol%), 2-(triuoromethyl)benzoic acid 4h (60 mol%) and CHCl 3 1 mL. The mixture was stirred at 40 C for 24 h and then heated up to 60 C for 12 h. The reaction mixture was subjected to silica gel column chromatography to yield the corresponding product.
